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Magnetic Recording Configuration for Densities
Beyond 1 Tb/in2 and Data Rates Beyond 1 Gb/s

Kai-Zhong Gao and H. Neal Bertram, Fellow, IEEE

Abstract—A new magnetic recording system is evaluated that
includes the single-pole head, a new medium design, and the soft
underlayer of perpendicular recording. The proposed medium
consists of perpendicular grains with anisotropy directions tilted
optimally about 45 with respect to the perpendicular direction.
Here, focus is on the tilt angle at 45 in the crosstrack direction,
including a small but typical dispersion. The write pole consists
of a tapered-neck single-pole head with a very small throat height
that yields maximized write fields without increased edge track
degradation. The advantages of tilted perpendicular recording
are discussed using theoretical and numerical micromagnetic
analyses. This design achieves a much higher signal-to-noise ratio
(SNR) than conventional recording, because it is less sensitive to
medium orientation distributions and, for the same thermal decay,
can utilize media with much smaller grain sizes. The switching
speed is much more rapid due to increased recording torque.
Estimated recording limits for tilted perpendicular recording with
a medium-jitter SNR of 17 dB are beyond densities of 1 Tb/in2

and data rates of 1 Gb/s.

Index Terms—Data rate, micromagnetic simulation, perpendic-
ular recording, recording method, signal-to-noise ratio, thermal
stability, tilted perpendicular recording, track edge effect, transi-
tion parameter.

I. INTRODUCTION

M AGNETIC disk drives, for the last decade or more, have
shown about a 100% growth rate. Current products are

in the range of 20–40 Gb/in. Demonstrations of 60 Gb/in
and 100–130 Gb/inhave occurred for perpendicular and lon-
gitudinal recording, respectively [1]–[4]. It is generally thought
that without medium distributions, at 20-dB medium signal-to-
noise ratio (SNR) tolerance, longitudinal recording will face a
limit of about 100 Gb/in and perpendicular about 500 Gb/in
[5]. This argument is based on the thermal stability limit. In
very high-density applications, the medium SNR varies, approx-
imately, inversely as the cube of the in-plane grain diameter.
Thus, growth in density has been accompanied by a decrease
in grain diameter or volume. Decreasing grain volume leads to
a reduction in thermal stability. Perpendicular recording allevi-
ates this problem, because the perpendicular geometry favors
a thicker medium. Thus, for a given thermal stability, perpen-
dicular media can have a smaller in-plane grain diameter and,
hence, higher SNR than longitudinal media.
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Experimental measurements of perpendicular media have not
immediately shown a distinct advantage [1]. Of course, ma-
terial preparation is complicated. However, there are two fun-
damental issues: the maximum medium anisotropy limited by
write-head saturation, and material property distributions that
help explain these measured limitations [6]. In conventional per-
pendicular recording with well-oriented media, the coercivity
(at short writing times) is slightly less than the grain anisotropy
field. Utilizing the most advanced perpendicular head [6] for
a typical geometry, the maximum field is about 0.73. In-
cluding an overwrite criterion, the maximum anisotropy field
of the medium can be approximately 0.65. For example, for

T, Oe. Because of thermal effects,
the maximum limits the minimum grain diameter.

The problem of distributions has been examined by
numerical micromagnetic simulations [7]–[9]. For perpen-
dicular recording, even a small distribution in orientation
(media are typically oriented within a cone angle of about
5 ), as well as a small distribution in anisotropy magnitudes
( 1 ) significantly increases the recording transi-
tion parameter. This increase is reduced to some extent by a
small amount of intergranular exchange [9]. The SNR varies
strictly as the inverse of the square of the transition parameter
times the crosstrack correlation width, e.g., [5]. Because
the transition parameter depends on the distributions with a
limiting minimum value related to the grain size, these effects
further limit achievable densities of conventional perpendicular
recording, to approximately 100–200 Gb/in.

One method to solve these problems is to redesign the record
head so that the write field is somewhat angled with respect to
the perpendicular direction [10]. This design permits a small in-
crease (about 10%) in medium anisotropy field and, thereby, a
slight decrease in grain diameter. This design also minimizes
the effect of material distributions, reducing the transition pa-
rameter. The net effect is about a 2–3 dB improvement in SNR,
bringing perpendicular performance closer to the idealized limit
of [5]. The main problem with this design is that the fields
exhibit an undershoot that extends significantly into the off-
track region, which can cause multipass erasure. For this design,
shielding is required in both the down and crosstrack directions.
It has also been shown that a high linear density (1000 kfci)
is achievable in conventional perpendicular recording using an
inductive head [11]. There have been discussions of 1 Tb/in
recording, but the estimated SNR is limited to less than 10 dB
[12]. However, none of the above approaches is able to signifi-
cantly improve the current limits.

Here, we present a novel design that solves the current lim-
itations of perpendicular recording, by a modification of the

1Note that in this paper, the bar above a variable denotes the average value.
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medium. We propose to use conventional recording transducers
as currently proposed and to reorient the medium anisotropy
axes to an angle optimally at about 45. The anisotropy orienta-
tion can be either in the downtrack or the crosstrack direction or
even randomly in a plane at a fixed angle with respect to the per-
pendicular direction. However, here we consider only the case
of the anisotropy angle tilted in the crosstrack direction. This
design has many benefits. First, the effects of orientation dis-
tributions are virtually eliminated, substantially more than the
design of [10]. Second, a medium with a significantly larger
anisotropy field, approximately Oe,
can be utilized. Third, a much higher data rate can be achieved,
because the reversal time of this new configuration is so effi-
cient with regard to reversal torque: the reversal times for both
writing and overwrite are independent of the medium proper-
ties and depend solely on the field rise time. Fourth, multipass
edge track erasure is reduced due to increased grain energy bar-
riers. Using an analysis similar to [5], the estimated density limit
of this tilted perpendicular recording is about 1.3 Tb/inwith a
medium-jitter SNR of 17 dB [isolated peak pulse to high-density
root-mean-square (rms) transition noise], at an operating tem-
perature of 360 K, and a data rate limit above 1.5 Gb/s. (Here,
we assume the medium has a very small medium grain size dis-
tribution with , a very small anisotropy orientation
distribution typically within a 5 cone angle and a very small

magnitude distribution).
The possibility of tilted media in perpendicular recording has

been mentioned previously [13]. Tilted longitudinal recording
has been developed in metal evaporated (ME) tape recording
[14], [15]. Utilizing an inductive head with tilted medium, the
SNR of the tape recording system is improved [15]. Recently,
tilted longitudinal recording has also been proposed for disk
recording [16]. Both experiment and simulation show a possible
extension of current longitudinal recording [16], [17].

In this paper, both tilted perpendicular and conventional per-
pendicular recording are investigated using both analytic and
numerical micromagnetic simulations. The specific evaluation
for 200 Gb/in is given to show how this new design facili-
tates recording at this density. The tilted perpendicular recording
scheme is described in Section II, including tilted perpendic-
ular medium parameters with (both orientation and mag-
nitude) distributions. The thermal stability limit and the min-
imum medium grain size are derived in Section III. In Sec-
tion IV, numerical simulations of the recording transition param-
eter are shown. These results are discussed based on the William
Comstock model. Track edge effects are discussed in Section V.
Medium switching speed and the data rate limit are presented
in Section VI. In Section VII, a simple estimate of SNR in both
tilted and conventional perpendicular recording is obtained and
comparison plots of SNR versus density are shown. A brief
discussion of the effects of intergranular exchange, alternative
media, and large distributions on the recording limits is given in
Section VIII.

II. TILTED PERPENDICULAR RECORDING

SCHEME/MATERIAL PARAMETERS

A. Tilted Perpendicular Recording and Model Geometry

In Fig. 1, the new magnetic recording configuration is illus-
trated. The medium anisotropy easy axis is tilted in a fixed di-

(a) (b)

Fig. 1. Typical geometry of tilted perpendicular recording at 200 Gb/in. In
this example, the medium anisotropy directions, not the medium grains, are
tilted in the crosstrack direction. (a) Downtrack view. (b) Crosstrack view. Note
for clarity, the grain diameter is not to scale.

rection, which, for the analysis here, is angled at about 45in
the crosstrack direction. Note that for the study here, the media
grains are still oriented in the perpendicular direction; only the
anisotropy easy axes are tilted. As shown in [18], the recording
head is a previously described tapered-neck structure. Parame-
ters corresponding to 200 Gb/in[5] are illustrated in Fig. 1(a)
and (b). The tapered-neck pole with a very small throat height is
shown in Fig. 1(a) (downtrack view). The write pole track width
and the pole thickness are 120 and 300 nm, respectively. The
write pole throat height is 60 nm [18]. The soft underlayer (SUL)
thickness is chosen to be 300 nm with permeability
and emu/cc ( T).
For 200 Gb/in optimum design, the flying height is 10 nm, the
medium thickness is 20 nm, and the growth layer between the
medium and the SUL is 5 nm.

In our three-dimensional (3-D) simulation, the write pole
and the SUL are discretized into 20-nmuniformly magnetized
cubic cells. In the medium, the intrinsic cell size is 2 nm2 nm
times the medium thickness. A grain size distribution is
included by grouping these cell units into single-domain grains
utilizing a modified Voronoi distribution [19], [20]. During
the simulation cycles, computation time is saved by using
a two-dimensional fast Fourier transform (2-D FFT) for the
magnetostatic fields in the film plane direction. In addition,
when the fields due to the medium in the pole tip and the SUL
are computed, the medium magnetization is averaged over
cubes with side length equal to the medium thickness.
orientation (typically within a 5 cone angle) and magnitude
distributions (typically ) are applied to each
medium grain. A fixed small anisotropy of about 20 Oe in the
crosstrack direction is applied to the pole tip and the SUL.
The simulations solve coupled Landau–Lifshitz equations
simultaneously at each cell to model the magnetization reversal
and to obtain the equilibrium state [21]

(1)

In (1), is the energy density comprising the applied field, the
anisotropy field, the exchange, and magnetostatic interactions.
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Fig. 2. Intrinsic (de-sheared) remanentM–H loop for both tilted and conven-
tional perpendicular media with only an orientation distribution.

B. Distribution Sensitivity

Fig. 2 shows the intrinsic (de-sheared) remanent– loop
calculated without interactions using only the orientation dis-
tribution for both tilted and conventional perpendicular media.
We assume that the medium anisotropy easy axes have a typical
normal distribution with and respectively. For
tilted media, these distributions are with respect to a mean ori-
entation of 45 from the perpendicular direction. As shown in
Fig. 2, in tilted perpendicular media, the remanent coercivity is

and virtually no effect of orientation distribution
is seen . For conventional perpendicular media, the
coercivity is much higher, , depending on the ori-
entation distribution. The loop squareness , which strongly
effects the transition parameter, decreases with increasing orien-
tation distribution for ,
respectively). is further decreased for both media when a dis-
tribution of anisotropy magnitudes is included.

These results can be explained using the Stoner–Wohlfarth
switching field for a single uniformly magnetized grain [22]

(2)

where , and is the angle between the applied
field and the grain anisotropy direction. Fig. 3 shows the
single-particle switching field versus external field angle
(with respect to the medium anisotropy easy axis). For a small
field angle, the medium switching field decreases significantly
with increasing field angle. In conventional perpendicular
recording, both the writing field at the transition center and the
overwrite field in the gap have a small angle with respect to the
medium anisotropy easy axis (typically about 5for overwrite
and 12 for writing). In conventional perpendicular recording,
these small angles coupled with the medium anisotropy orien-
tation distribution causes a large switching field distribution
(solid curves inside the dotted bubbles in Fig. 3), a decreasing
medium coercivity (Figs. 2 and 3), and a decreasing loop
squareness (Fig. 2).

In our tilted perpendicular recording system, the write field
and overwrite field from the single-pole head are (almost) in the
perpendicular direction. Both the writing and overwrite field are

Fig. 3. Medium switching field and overwrite field in both tilted and conven-
tional perpendicular recording media.

Fig. 4. Micromagnetic simulation results of the remanentM–H loop for both
tilted and conventional perpendicular media.

about 45 with respect to the medium anisotropy direction. As
shown in Fig. 3, the medium switching field for tilted perpen-
dicular recording is insensitive to a small angle variation due to
either the external field or medium anisotropy distributions. As
a result, the medium loop squareness hardly changes
with increasing orientation distribution.

The micromagnetic simulation results of the– loops for
both tilted and conventional perpendicular medium are shown
in Fig. 4. In our simulation, the scaled medium magnetization is

, and the scaled exchange is
. A 3 normal anisotropy orientation distribution and a log

normal anisotropy magnitude distribution with
are utilized (a variance of 3in a normal distribution corre-
sponds to a 5 in a uniform distribution). The results show:
1) the tilted perpendicular medium coercivity is
versus in conventional perpendicular media; 2)
the overwrite (closure) field in tilted perpendicular media is

versus in conventional per-
pendicular media; and 3) the medium nucleation field in a tilted
perpendicular medium is versus
in a conventional perpendicular medium. As we discuss later,
these differences have a significant effect on ultrahigh-density
recording.
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TABLE I
MAXIMUM ANISOTROPYESTIMATES FORBOTH TILTED AND CONVENTIONAL

PERPENDICULARRECORDINGMEDIA

C. Maximum Anisotropy Field

Here, we estimate the maximum anisotropy field in a simpli-
fied manner. As shown in Fig. 3, for a medium grain oriented
near 45, the coercivity is approximately

(3)

To completely saturate the medium, the required field is

(4)

where the latter term is the demagnetizing field reduced by the
cosine of the tilt angle (approximately 45). Although the mag-
netostatic field is, except for extremely hard pole tip saturation,
less than this value due to the presence of the highly perme-
able SUL [5], we use the single keeper result here. The tapered
single-pole head design gives a maximum write field of ap-
proximately 0.80 in the medium without decreasing the field
gradient in the crosstrack direction [23]. For a material with

2.4 T, the maximum write field is approximately 1.9 T.
As shown in Table I, the maximum anisotropy field for tilted

perpendicular recording is about 28 kOe. Utilizing a criterion of
for conventional per-

pendicular yields a maximum anisotropy field of approximately
kOe. As shown in Fig. 4, this estimate is consistent

with the numerical simulation results.

III. M INIMUM GRAIN DIAMETER AND THERMAL STABILITY

A simple estimate of thermal stability in perpendicular media
can be made utilizing [24]

(5)

where the probability of grain reversal back into the original
equilibrium is neglected. In (5), is the reversal energy barrier,

is the maximum elapsed time (here, years),
ergs/K is the Boltzmann constant, and

is the temperature in degrees kelvin. As discussed in [25], the
thermal attempt frequency is given approximately by

(6)

where is the relaxation parameter with a typical value of 0.01,
is the anisotropy constant of the media, and

(Oe) is the gyromagnetic ratio. Here, to estimate, in (6),
a typical value of is utilized. Note that in the
following analysis, (6) is utilized; is typically about 10 ,
which is much larger than the commonly used estimate of 10.

Assuming a sufficiently large energy barrier so that the mag-
netization has decreased by half after ten years, then

(7)

Fig. 5. Minimum average grain diameter versus medium thickness for tilted
and conventional perpendicular recording. AtT = 360 K, t = 10 years.

The energy barrier in tilted perpendicular media is

(8)

where , and and are the medium thickness
and grain diameter, respectively. A worst case situation
(neglecting exchange) is considered far from the transition
center where is maximum. Inclusion of a grain size
distribution simply causes to be replaced by the distribution
rms value [26]. Thus, using (6) and (8), the minimum
in-plane rms grain diameter for tilted perpendicular media is

(9)

In conventional perpendicular media

(10)

and the minimum in-plane rms diameter is

(11)

Fig. 5 shows the average medium grain diameter versus
medium thickness in both tilted and conventional perpendic-
ular recording due to the above thermal stability constraints.
Both media are assumed to have a grain size distribution of

(a fixed grain height equal to the
medium thickness is assumed).can be obtained from (9) and

(11) , where
for a log normal distribution). The results utilize K,

years, and . Fig. 5 shows that
for the same recording medium thickness, the average grain
diameter in tilted perpendicular media is about half that of
conventional perpendicular media. For a medium thickness
of 15 nm, the average grain diameter for tilted perpendicular
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Fig. 6. Typical transition parameter for both tilted and conventional
perpendicular recording.

media is about 6.2 nm compared to 12 nm for conventional
perpendicular media. In this estimate, a temperature decrease
of % per degree kelvin is included [27], [28].
Note that utilizing the results in Section II-A and (9) and (11),
we have for both tilted and conventional
perpendicular media.

IV. TRANSITION PARAMETER

In this section, the results of micromagnetic simulation for the
transition parameter in both tilted and conventional perpendic-
ular recording media are presented. These results are discussed
in terms of a simple analysis based on the Williams–Comstock
formulation [29].

A. Micromagnetic Simulation

Fig. 6 shows micromagnetic simulation results of recorded
transitions for both tilted and conventional perpendicular
media. In the simulation, ten transitions were written and
single average magnetization patterns are shown for each. This
simulation is two-dimensional with a uniform write field across
the track width. The specific form of the write field comes
from the center track field of the tapered single-pole head
[18]. For both tilted and conventional perpendicular media,
the simulations assume ,
and medium distributions of anisotropy field angle ,
anisotropy magnitude , and grain size volume

. The average grain diameter from (9) and
(11) is chosen to be nm. The transitional shape for
conventional perpendicular media is asymmetric due to the
head field spatially asymmetry and the importance of material
distributions in this case. Therefore, we estimate the transition
parameter by averaging fits to both sides of the transition.
The simulation results show that the transition parameter in
tilted perpendicular medium is 3.2 nm , close to the
theoretical limit. The transition parameter for conventional
perpendicular recording is estimated from Fig. 6 to be about
4.5 nm. From Fig. 5, the thermal limits give a minimum grain
size for conventional perpendicular medium twice that of tilted
perpendicular media. Thus, the ratio of transition parameters is

approximately 2.8 (2 4.6 nm 3.2 nm). As will be discussed
in Section VII, this effect yields a major improvement in SNR
for tilted perpendicular media.

B. Discussion Utilizing the Williams–Comstock Model

A simple form for the transition parameter is given by
Williams–Comstock formula [29]

(12)

where

(13)

For this discussion, all fields and field gradients are evaluated at
the transition center corresponding a maximum field gradient.
Independent of the specific transition shape, the magnetization
gradient is given by , where is the transition
parameter [30]. Note that the Williams–Comstock analysis does
not explicitly include the effects of finite grain diameter and
intergranular exchange.

First, we discuss the effect of the – loop shape (13). As
can be seen in Fig. 2, in conventional perpendicular recording,
including orientation distribution, for .2

Utilizing a small exchange and an alternative write head design
[10], can increase to approximately 0.95. In tilted perpendic-
ular recording, as shown in Fig. 2, is very close to 1 (approx-
imately 0.99). Thus, we have ,
which leads to a smaller transition parameter for tilted perpen-
dicular media. Note that in
45 tilted perpendicular media, and

in conventional perpendicular media. However, this com-
parison overestimates the effect of the loop shape, because the
large for tilted perpendicular media makes the transition pa-
rameter limited by the grain size.

In tilted perpendicular media, the magnetostatic field gra-
dient magnitude is reduced compared to conven-
tional perpendicular media, which also yields a smaller relative
transition parameter. In conventional perpendicular recording,

, while in tilted perpendicular recording,
. Because the magneto-

static field gradient varies approximately inversely with the tran-
sition parameter [30], the decreased magnetostatic field gradient
in tilted perpendicular recording acts to decrease the transition
parameter. Numerical micromagnetic simulations confirm the
results of the qualitative predictions in this section.

C. Effect of Spatially Varying Field Angle

The Williams–Comstock model [29] can be utilized for media
with a fixed coercivity. However, as shown before [18], in per-
pendicular recording, the write field angle from a single-pole
head increases with distance from the trailing (leading) edge.
From Fig. 3, the field angle change in perpendicular recording
causes a spatially varying change in medium coercivity. This

2TheS in this section refers to the medium intrinsic loop squareness. Here,
the anisotropy magnitude (H ) distribution is not included.
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effect maybe included in the Williams–Comstock criterion by
approximately subtracting the spatial variation of the coercivity

(14)

In conventional perpendicular recording, as shown in Fig. 3,
as the small write field angle increases, the medium coercivity
decreases significantly. Close to the transition center,
and are in the same direction: the net effect gives
a decrease of the effective write field gradient as compared to
(12). Thus, this effect for conventional perpendicular recording
tends to increase the transition parameter. In tilted perpendic-
ular recording, the write field angle with respect to the perpen-
dicular direction increases with distance away from the trailing
(leading) edge: the medium coercivity increases with decreasing
write field (increasing field angle); and
are in the opposite direction. Therefore, for tilted perpendicular
recording, the effective write field gradient increases as com-
pared to (12) and tends to decrease the transition parameter.

V. TRACK EDGE EFFECT

In the presence of a reverse field at a fixed angle with respect
to the perpendicular direction, the energy of a single grain from
the Stoner–Wohlfarth model is approximately [31], [32]

(15)

where is the normalized reverse field, scaled to
. is the write field angle respect to the anisotropy di-

rection of the medium. The switching field versus write field
angle is given by (2) [22].

Fig. 7(a) shows the total write field and field angle under
the tapered write pole in the crosstrack direction. For a write
track pole width of 120 nm, the results show that close to the
write pole edge, initially, the write field angle with respect to
the perpendicular direction increases (from zero) with off-track
position (from 0 to 80 nm). Beyond 80 nm, the field angle
decreases with distance away from the write pole. Therefore,
in conventional perpendicular recording, to a distance of about
30% of the write pole width, the coercivity and thus the energy
barrier is decreased. In tilted perpendicular recording, the in-
creased field angle reduces the relative angle between the field
and the medium grains orientation (around 45). Thus, the en-
ergy barrier increases with off-track position.

Fig. 7(b) plots the medium reversal time versus crosstrack di-
rection for both tilted and conventional perpendicular medium
due to the external field from Fig. 7(a). Both curves are ob-
tained utilizing (5) and (6). For a thermal reversal criterion,
here we assume a 1-dB decay in ten years. For typical perpen-
dicular recording, the write pole downtrack thickness is about
2–300 nm ( – nm) with disk velocity typically about

– m/s. In this case, 10 million passes correspond to
s. For one pass, we consider only

dynamic reversal for both cases.
The results in Fig. 7(b) show that there are two significant

differences between tilted and conventional perpendicular
recording: First, as shown in Fig. 7(b), in the dynamic re-
gion (neglecting thermal effects), the write width in tilted

(a) (b)

Fig. 7. (a) Total write field and field angle from tapered single-pole head.
(b) Medium reversal time versus crosstrack position for both tilted perpendicular
(TP) and conventional perpendicular (CP) recording.

perpendicular recording is only about 10% larger than the
write pole width (one pass position of the dotted curve). On
the other hand, in conventional perpendicular recording, the
actual write width is about 40% larger than the write pole
width. This means that utilizing the same write pole geometry,
tilted perpendicular recording can achieve higher track density
as compared to conventional perpendicular recording. Or,
for the same recording density, a larger write pole width can
be utilized in tilted perpendicular recording as compared to
conventional perpendicular recording, which also increases the
total achievable write field.

Second, the write field in the crosstrack direction may cause
erasure of neighboring tracks. In Fig. 7(b), the 10 million
passes position shows the total write width (write track width
plus erasure band) in both tilted and conventional perpendicular
recording. For a write pole width of 120 nm, the total write
width is about 165 nm in tilted perpendicular recording,
while for conventional perpendicular recording, the total write
width is about 240 nm. Therefore, for a 120-nm write pole,
the recording track width for tilted perpendicular recording is
142 nm versus 180 nm in conventional perpendicular recording.
Note that for a real recording system, two neighboring tracks
share the erase (guard) band.

This effect allows for a higher track pitch density for tilted
perpendicular recording as compared to conventional perpen-
dicular recording. A simple way to estimate this effect is, for
a fixed system with a given SNR, the areal density for con-
ventional perpendicular recording should be reduced by 20%
(180 nm/142 nm).

VI. DYNAMICS

Fig. 8 shows medium switching time versus damping con-
stant for both tilted and conventional perpendicular recording
using numerical simulation. For this study, the recording field
is assumed to be uniform over the medium in the perpendic-
ular direction with a time variation ,
where ns. The field magnitude is
for conventional perpendicular recording. For tilted perpendic-
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Fig. 8. Tilted and conventional perpendicular medium switching time versus
damping constant.

ular recording, we show two cases: , and .
(Note: for same write field versus correspond to
a 50% gain in ). The simulation parameters are grain size
distribution and anisotropy magnitude distribu-
tion . The medium magnetization is

. The irreversible switching speed is defined in [33]
and [34], with switching time beginning when the reversal field
is equal to the medium coercivity. Final switching is defined
when 50% of the medium grains have switched.

The results show that tilted perpendicular medium switching
is much faster than for conventional perpendicular media.
The reason is that the head field has a much larger angle in
tilted perpendicular recording. Therefore, a much larger torque
is applied to the medium at the beginning of the reversal.
In conventional perpendicular media, the switching time
decreases with increasing damping constant in contrast to
tilted perpendicular media where the switching time is almost
independent of damping constant. From the discussion in
[34] and [35], in tilted perpendicular recording, the switching
speed is similar to that of longitudinal recording. Note that the
switching speed for conventional perpendicular media may be
faster than the estimate of Fig. 8 due to recent theories about
nonlinear damping [36].

VII. SNR ESTIMATE

To estimate the SNR, we assume both tilted and conventional
perpendicular media will be characterized by the dominant tran-
sition noise. Following [5], we use the definition of a maximum
signal (square) of an isolated transition divided by the rms tran-
sition noise in square wave recording at bit separation. A good
approximation for this SNR is [37]

(16)

where is the pulsewidth without differentiation. is the
transition spacing, is the read track width, is the transi-
tion parameter, and is the crosstrack correlation width. Be-
cause the pulse is not changed for tilted perpendicular recording

Fig. 9. SNR for tilted perpendicular (TP), case 1 (CP1), and case 2 (CP2) of
conventional perpendicular recording atT = 360 K, M =H = 0:02. � is the
bit-aspect ratio.

angled in the crosstrack direction, (16) can be immediately ap-
plied. Here, we assume %
of the write width and % of the track pitch

. We first apply this scaling to both media and then, fol-
lowing the discussion at the end of Section V, track edge effects
are included by either reducing the density by 20% at a fixed
SNR or decreasing the SNR by 1 dB at a fixed density.

Fig. 9 plots SNR versus density for both tilted and conven-
tional perpendicular recording, each for two bit-aspect ratios,

and . For tilted perpendicular recording, we
assume an optimum case with transition parameter
and crosstrack correlation width . For conventional per-
pendicular recording, we assume two cases: CP1) an optimal
case with transition parameter and crosstrack cor-
relation width ; CP2) a realistic case utilizing the micro-
magnetic simulation result in Section IV, with transition param-
eter and crosstrack correlation width .
is the average grain size from (9) for tilted perpendicular media
and (11) for conventional perpendicular media.

The results show that for same recording medium thickness
and bit-aspect ratio ( nm, or ), there is a 9.6-dB
gain in SNR in tilted perpendicular recording as compared to
optimal conventional perpendicular recording (CP1). For more
realistic conventional perpendicular recording (CP2), a gain of
12.6 dB occurs at all densities. For example, for a medium thick-
ness of nm, with a 15-dB SNR tolerance, Fig. 9 shows
that for , for tilted perpendicular recording, the lim-
ited recording densities are 1.7 and 1.4 Tb/in, respectively. In
conventional perpendicular recording (CP2), the limits will be
200 and 160 Gb/in, respectively. Note that from the track edge
discussion at the end of Section V, these limits for conventional
perpendicular recording are reduced by 20% in addition to the
estimate from (16).

Table II shows SNR estimates, utilizing (9), (11), and (16), for
different medium thicknesses, at two different densities: 200 and
1000 Gb/in . In this table, the bit-aspect ratio is and the
temperature is K. As seen in Fig. 9, there is a additional
1.5-dB SNR decrease for as compared to for both
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TABLE II
SNRFORTILTED PERPENDICULAR(TP) AND CONVENTIONAL PERPENDICULAR

RECORDING(CP1AND CP2)

tilted perpendicular and conventional perpendicular recording.
Note that for a system operating at 200 Gb/in, the transition
noise limited SNR in tilted perpendicular recording is about
29 dB and only 16.5 dB for realistic conventional perpendic-
ular recording (CP2).

We note that for an SNR gain of 12.6 dB in tilted perpendic-
ular recording as compared to realistic conventional perpendic-
ular recording,about8–9dB is fromthe largerand values.
A smaller transition parameter in tilted perpendicular recording
yields another 2–3 dB and 1 dB is from the track edge effect.

VIII. D ISCUSSION

In this paper, our goal has been to present the concept of tilted
perpendicular recording in a reasonably complete manner. We
have shown by considering major system aspects that this new
format yields a significant increase in SNR and data rate com-
pared to conventional perpendicular recording. A variety of is-
sues need yet to be explored and that will be the focus of sub-
sequent papers; for example, the effect of orientation distribu-
tions, including dc noise, details of the effect of intergranular
exchange on thermal stability, and the effect of geometry scaling
on maximum anisotropy. However, here we wish to present an
overview of these additional issues that are only briefly touched
upon in this paper. A critical issue is the manufacturability of
this media and that question is not addressed here.

A primary issue is the nature of the “tilting” and the associated
distributions. For simplicity, the analysis here focuses on a tilted
perpendicular medium design, where only the grain anisotropy
axes are angled at about 45in the crosstrack direction. A
large variety of orientation variations are possible. The angular
deviation from the perpendicular direction could conceivably be
in any azimuthal direction in the film plane. It is also possible
to consider the grain anisotropy axes at a fixed angle from the
perpendicular, but with azimuthal anisotropy direction varying
randomly from grain to grain (as might occur for various epi-
taxial growth mechanisms). Here, the case of solely crosstrack
orientation was examined, simply because the pulse shape would
not vary between the TP and CP media. Random orientation
would give rise to considerable dc or uniform magnetization
noise. Track signal uniformity would require tilting in either
the cross or downtrack directions. In both cases, a distribution
of orientations about a design angle would also yield dc noise,
which might be more severe for downtrack orientation. DC
noise was neglected in this first work and must be considered
to include orientation distributions in a cone about the average
orientation. Initial micromagnetic simulations indicate that
crosstrack anisotropy axis tilting is an optimal configuration.

For a given tilt direction, it is possible to consider a tilting of
the grain shape as well. Magnetostatic effects will be increased,
but these might be small if a small value of is main-
tained as in this paper . However, similar to tilted tape
media (MET) where the grains are deposited at an angle to the
film plane, additional problems such as surface roughness as
well as the increased effective diameter in the medium plane
could be a factor.

In the analytic analysis of thermal stability, the role of ex-
change on the energy barriers was considered only approxi-
mately. For a given grain, the neighboring grain exchange fields
should be included (e.g., [9], [38]). Inclusion of exchange af-
fects stability away from the transition center in the saturated re-
gions, but not, to first order, at the transition center, where the av-
erage magnetization vanishes. Because the (ferromagnetic) ex-
change field opposes the demagnetization field in the saturated
(low-density) regions, the energy barriers of (8) and (10) are, in
fact, larger. Including exchange yields the transition center as
the most thermally vulnerable region and, as will be discussed
in [39], the net effect does allow for reduced grain sizes and in-
creased density limits.

Density limit scaling in this paper was done by scaling the
head-medium dimensions, but with a fixed value of anisotropy,
determined by the 200 Gb/ingeometry. Reducing head dimen-
sions but maintaining the medium thickness for thermal stability
reduces the maximum field somewhat.

Finally, it must be noted that the density limits shown here
are very simplified: a large variety of material and geometric
optimizations must be done including the issues raised above as
well as examining distributions of anisotropy magnitude. The
primary goal of this paper is not to determine ultimate den-
sity limits of tilted and conventional perpendicular recording,
but to show the major differences between these two recording
configurations. The major conclusion is that, given reasonably
tight material distributions, tilted perpendicular recording will
achieve about a 10–12 dB gain in SNR compared to conven-
tional perpendicular recording.

IX. CONCLUSION

A new magnetic recording method called tilted perpendicular
recording was introduced. The central design includes a medium
anisotropy direction that is tilted at a certain angle optimally
about 45 with respect to the perpendicular direction. The main
effect is that a medium with much higher anisotropy can be uti-
lized as compared to conventional perpendicular recording. For
a given thermal stability criterion, this increase in anisotropy
allows for a much smaller medium grain diameter. Using both
analytical and numerical analyses, it is shown that at a fixed
density, there is approximately a 12.6-dB gain in SNR for tilted
perpendicular media versus realistic conventional perpendicular
media. The maximum anisotropy field is about 28 000 Oe, when
a tapered single-pole head with a very small throat height is uti-
lized (with head saturation T). Tilted perpendicular
magnetic recording allows for a higher data rate than in conven-
tional perpendicular recording, due to enhanced reversal torque.
Tilted perpendicular recording also provides a narrower erase
band and, therefore, a larger track density due to increased grain
energy stability at the track edges.
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As an example, for a medium transition noise SNR of 17 dB
and bit-aspect ratio , tilted perpendicular recording
yields a density limit of about 1.3 Tb/inwith a data rate of
about 1.5 Gb/s (0.1-ns head field rise time). In comparison,
for the same SNR, the limit in conventional perpendicular
recording is predicted to be about 160 Gb/inwith a data rate
about 700 Mb/s.
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